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Interaction Mechanism between Cellobiose and
Imidazolium Halide-based lonic Liquids

Ling Yang, Hong Peng,* Hongwei He, Ling Liu, Guiming Fu, Yuhuan Liu, and Yin Wan

lonic liquids (ILs) are excellent solvents for cellulose, but the dissolution
mechanism is not deeply understood. In the present study, cellobiose was
used as a model of cellulose, and the imidazolium halide-based ILs with
the same cation of 1-butyl-3-methylimidazolium (Bmim™*) including BmimCl,
BmimBr, and Bmiml were used as solvents. The interaction mechanism
between the ILs and cellobiose was analyzed by carbon-13 nuclear
magnetic resonance ("*C NMR). The results showed that the strength of
hydrogen bonds formed between the hydroxyl groups of cellobiose and
the ILs was greatly affected by the position of hydroxyl groups and the
electro-negativity and size of the anions. Compared with the secondary
alcoholic hydroxyl groups, the primary alcoholic hydroxyl groups (C6—OH
and C12-0OH) on the glucopyranose rings of cellobiose more easily formed
hydrogen bonds with the ILs. The strength of hydrogen bonds formed
between the protons on the imidazolium cation and cellobiose varied with
the positions of the protons. The formation of hydrogen bonds between
the halogen anions and cellobiose was the main reason for the dissolution
of cellobiose in the ILs. The ability of the three ILs to form hydrogen bonds
with cellobiose followed the order: BmimCIl > BmimBr > Bmiml.
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INTRODUCTION

Cellulose is the most abundant natural polymer material and renewable biomass
resource in nature. Its good biocompatibility, biodegradability, and renewable advantages
make cellulose one of the potential green raw materials in the fields of energy, chemical
industry, and polymer materials (Pinkert et al. 2009; Seddiqi et al. 2021). Cellulose is a
linear polymer composed of D-glucopyranose linked by p-1,4-glycosidic bonds
(O’Sullivan 1997; Klemm et al. 2005). The basic unit of cellulose is cellobiose, and the
two glucose units are rotated by 180° in the plane, leading to the directionality of the
cellulose molecule (Xiong et al. 2014). The inverted structure of adjacent glucose units
enables the cellulose chain to unfold in a straight line, resulting in strong rigidity and
crystallinity of natural cellulose (Valert 2010). This special structure of cellulose makes it
difficult to dissolve in water and conventional solvents, and this greatly limits the
application of cellulose (Sansaniwal et al. 2017). Therefore, the development of solvents
that can effectively dissolve cellulose and destroy the crystalline structure of cellulose can
be expected to play a pivotal role in expanding the industrial application of cellulose.

Ionic liquids (ILs) composed of organic cations and organic or inorganic anions are
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a new class of green solvents (Hunt et al. 2015; Sanchez et al. 2020). The ILs are mostly
liquid at room temperature and they have many advantages such as thermal stability, low
melting point, designability, and recyclability. They have shown potential applications in
material modification, reaction medium, and component separation (Singh and Savoy
2020). Some ILs show strong ability to dissolve cellulose and destroy the crystalline
structure of cellulose during the pretreatment process of lignocellulosic biomass, which
can significantly improve the subsequent conversion efficiency of the raw materials
(Usmani et al. 2020). However, up to now, no systematic conclusion has been obtained on
the dissolution mechanism of ILs with different chemical structure to dissolve cellulose.
Therefore, the theoretical support for the scientific design of ILs that can efficiently pretreat
lignocellulose is insufficient. Some researchers have found that the ability of ILs to dissolve
cellulose is closely related to the formation of hydrogen bonds between ILs and cellulose
(Sanchez-Badillo ef al. 2021). These ILs can break the hydrogen bond network in cellulose
and form new ones with cellulose, leading to the final dissolution of cellulose (Krishna and
Jiang 2015). Li et al. (2015) found that the anions of ILs are usually small in size, and they
can insert themselves into the cellulose chain to destroy the intramolecular hydrogen bond
network of natural cellulose and form new hydrogen bonds. This appears to be a key factor
for cellulose dissolving in ILs. Xu et al. (2015) found that the solubility of cellulose
increases with the increase of the alkyl side chain within a certain range when the C2
position on the imidazole ring of the imidazolium ionic liquid is not substituted. The
extension of the alkyl side chain increases its electron-donating ability, which leads to an
increase in the acidity of hydrogen atoms including C2-H and C4-H, and promotes the
formation of hydrogen bonds between the cation and the hydroxyl oxygen of cellulose (Xu
et al. 2015). However, when the alkyl side chain of imidazolium cation is further extended,
the steric hindrance effect is strengthened and the hydrophilicity is weakened, resulting in
a decrease in the solubility of cellulose (Xu et al. 2015). In general, the dissolution of
cellulose in ILs is greatly related to the formation of hydrogen bonds between the ILs and
cellulose. Therefore, it is of great significance to study the formation law of hydrogen-
bonding between ILs and cellulose. The deep understanding of the dissolution mechanism
of cellulose in ILs is helpful for designing efficient ILs to realize the dissolution, separation,
and utilization of cellulose.

In the present study, cellobiose was used as the model of cellulose, and the
imidazolium halide-based ILs 1-butyl-3-methylimidazolium chloride (BmimCl), 1-butyl-
3-methylimidazolium bromide (BmimBr), and 1-butyl-3-methylimidazolium iodide
(Bmiml) were used as solvents. The dissolution mechanism of cellobiose in these
imidazolium halide-based ILs were obtained based on '*C-nuclear magnetic resonance (*C
NMR) analysis. 1-Butyl-3-methylimidazolium fluorine (BmimF) is known to be highly
corrosive; therefore, it was not considered in the present study.

EXPERIMENTAL

Materials

Cellobiose (> 99%) was purchased from Shanghai Lanji Technology Development
Co., Ltd., China. BmimCl (> 99%), BmimBr (> 99%), and BmimlI (> 99%) were purchased
from Shanghai Chengjie Chem. Co., Ltd., China. The chemical structures of cellobiose and
ILs are shown in Fig. 1. The ILs were dried in a vacuum oven for 24 h at 150 °C before
use. Water content in each ionic liquid measured using Karl-Fischer method was less than
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1000 ppm. Deuterated dimethyl sulfoxide (DMSO-ds) (> 99.9%) which was used as
solvent for nuclear magnetic resonance (NMR)-analysis, was purchased from Shanghai
Macklin Biochemical Technology Co., Ltd., China.
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Fig. 1. Schematic structure and numbering of C in cellobiose, BmimCIl, BmimBr, and Bmiml

Methods

To elucidate the interaction between cellobiose and the ILs, the changes in 3C
chemical shifts of the cellobiose and the ILs were obtained through *C NMR technique.
The '*C NMR spectra were recorded on a Bruker Avance 600 MHz spectrometer (Bruker,
Karlsruhe, Germany) with a 5 mm PABBO probe at 25 °C. The *C NMR spectra were
obtained at 100.6 MHz after 1024 scans. Before analysis, cellobiose (20 to 100 mg) was
added to a NMR tube with 0.5 mL of DMSO-ds and 200 mg of IL, resulting in mass
concentration of cellobiose ranging from 10 wt% to 50 wt% (cellobiose/IL, mg/mg). As a
control, 20 mg of the cellobiose and 200 mg of the pure ILs were separately dissolved in
0.5 mL of DMSO-ds. The relative changes in the chemical shifts were calculated according
to Egs. 1 and 2:

ASjL = O\Lin mixture - OPure IL (1)

A5Cel|obiose = 5Ce|lobiose in mixture - 5Pure cellobiose (2)

RESULTS AND DISCUSSION

3C NMR Analysis of Cellobiose and ILs

The *C NMR spectra of cellobiose, the representative ionic liquid BmimCl, and
the solution obtained by dissolving 30 wt% cellobiose in BmimCl (BmimCl + 30 wt%
BmimCl) are shown in Fig. 2. The identification of peaks referred to the data shown in the
literature (Xu et al. 2010; Amarasekara et al. 2011; Xu et al. 2014). In order to facilitate
differentiation, the carbon atoms of the ILs were assigned as IC, and those of cellobiose
were labelled as C. For cellobiose (Fig. 2a), the peaks at 6 102.59, 96.08, 80.18, 76.20,
75.89, 74.48, 74.15, 73.91, 72.73, 69.46, 60.45, and 59.97 ppm were assigned to C7, CI,
C4, Cl11, C9, C5, C3, C2, C8, C10, C12, and C6, respectively. It can be clearly found that
even though the carbon positions on the two glucose units of cellobiose were the same,
there were certain differences in chemical shifts, such as those between C6 and C12,
between C2 and C8, and between C3 and C9. The results showed that the distribution of
electron cloud on the two glucose units of cellobiose was not exactly the same, leading to
the difference in the chemical shift at the same position on the glucose unit at the reducing
end and the non-reducing end.

The typical '*C NMR spectrum of BmimCl is shown in Fig. 2b, and the carbon
chemical shifts of the three ILs including BmimCl, BmimBr, and BmimlI are summarized
in Table 1. Because these three ILs had the same cation, the chemical shifts of the carbons
at the same position were similar. However, because of the difference in electro-negativity

Yang et al. (2023). “Cellobiose & ionic liquid,” BioResources 18(1), 1590-1601. 1592



bioresources.com

PEER-REVIEWED ARTICLE

of the anions, the chemical shifts of these carbon atoms varied slightly. The order of
chemical shifts of IC2, IC4, and IC5 on the imidazole ring was almost the same as that of
electro-negativity strength of halide anions (CI > Br >1 ). It was suggested that as the
electro-negativity of the halide anion strengthened, the hydrogen bond strength between
the halide anion and the protons at IC2, IC4, and IC5 (IC2—-H, IC4-H, and IC5-H) on the
imidazole ring increased, resulting in the decrease of electron cloud density around 1C2,
IC4, and IC5, and the increase of their chemical shifts (Xu and Zhang 2015). The chemical
shifts of IC2 differed greatly among BmimCl, BmimBr, and Bmiml, indicating that the
strength of hydrogen bonds formed between IC2—H and the halogen anions was remarkably
affected by the electro-negativity of the anions. The chemical shift differences of IC4 and
IC5 among the three ILs were smaller than that of IC2, indicating that the acidity of IC4—
H and IC5-H was weaker than that of IC2—H. At the same time, the order of the chemical
shifts of IC6 and IC7 on the alkyl side chain, which directly linked to the N atom on the
imidazole ring, was BmimCl < BmimBr < Bmiml, which was opposite to that of the
electro-negativity of the halogen anion. A possible reason was that the stronger electro-
negativity of the halogen anion resulted in the higher electron cloud density around the IC6
and IC7 atoms and the movement of chemical shift to the high field (Xu and Zhang 2015).
The above results showed that the acidity of protons at different positions on 1-butyl-3-
methylimidazolium varied much.
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Fig. 2. 13C NMR spectra of (a) cellobiose; (b) BmimCl; and (c) BmimCl + 30 wt% cellobiose
(25 °C, in DMSO-ds)

Table 1. Chemical Shifts of Carbons of BmimCI, BmimBr, and Bmiml (25 °C, in
DMSO-ds)

Chemical Shift & (ppm)
ILs
IC2 IC4 IC5 IC6 IC7 IC8 IC9 IC10
BmimCl 137.30 | 122.75 | 123.93 | 36.10 | 48.70 | 31.87 | 19.13 | 13.63
BmimBr 136.94 | 122.67 | 123.86 | 36.31 | 48.84 | 31.84 | 19.13 | 13.66
Bmiml 136.82 | 122.63 | 123.87 | 36.62 | 49.01 | 31.77 | 19.16 | 13.73
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Analysis of the Interaction between Cellobiose and ILs

DMSO-ds is an aprotic solvent with almost negligible dissociation into solvated
ions. Thus, DMSO-ds had little effect on the formation of hydrogen bonds between the ILs
and cellobiose, and its main role was to dissociate the ion pairs of ILs into solvated anions
and cations (Xu and Zhang 2015). Therefore, the change in chemical shifts could be used
to evaluate the strength of the interaction between the ILs and cellobiose. A representative
13C NMR spectrum of the sample after dissolving 30 wt% cellobiose in BmimCl (BmimCl
+ 30 wt% cellobiose) is shown in Fig. 2c. The relative changes in chemical shifts of carbons
at different position of cellobiose after dissolving in BmimCIl, BmimBr, and BmimlI are
summarized in Figs. 3 and 4. The cellobiose concentration varied from 10 wt% to 50 wt%.
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Fig. 3. Relative change in chemical shifts of carbons at the reducing end of cellobiose compared
with the pure cellobiose (in DMSO-ds)

Cellobiose consists of two glucopyranose units. One is the reducing end and the
other is the non-reducing end. There are four free alcoholic hydroxyl groups at the reducing
end and non-reducing ends. Among those hydroxyl groups, the C6—OH and C12—-OH are
primary alcoholic hydroxyl groups, and the rest are secondary alcoholic hydroxyl groups
(Fig. 1). Theoretically, these hydroxy protons can form hydrogen bonds with proton
acceptors, and the hydroxy oxygens can form hydrogen bonds with protons. As shown in
Figs. 3a and 3c, and 4c, the relative chemical shift changes (AJd) of C1, C3, and C9 after
cellobiose with different concentration dissolved in the ILs were in the order: Bmiml <
BmimBr < BmimCl. The relative chemical shift changes of C1, C3, and C9 were almost
negligible (JAd| < 0.05ppm) when cellobiose was dissolved in BmimCl, indicating that
BmimCl hardly formed hydrogen bonds with C1-OH, C3-OH, and C9—OH, or the
hydrogen bonds formed were extremely weak. At the same time, the chemical shifts of C1,
C3, and C9 moved to the high field after cellobiose was dissolved in BmimBr and Bmiml,
indicating that the electron cloud density around the C1, C3, and C9 atoms increased (Xu
and Zhang 2015). A possible reason was that Br and I from BmimBr and BmimI formed
hydrogen bonds with the protons of C1-OH, C3-OH, and C9-OH, respectively. The
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relative chemical shift changes of C8 at the non-reducing end of cellobiose after it
dissolved in ILs were in the order of Bmiml < BmimBr < BmimCl (Fig. 4b). In addition,
the chemical shift of C8 in BmimlI solution nearly unchanged (|Ad| < 0.05 ppm), and the
Ad values of C8 in BmimBr and BmimCl were higher than 0 (Fig. 4b). The possible reason
was that the acidic protons on the imidazolium cations of BmimBr and BmimCl, such as
IC2—-H, formed a hydrogen bond with the hydroxyl oxygen at the C8 position of cellobiose,
resulting in the decrease of the electron cloud density around the C8 atom and the
movement of chemical shift to the lower field (Zhang ef al. 2010). Meanwhile, the acidity
of the protons on the imidazolium cation of Bmiml was too weak to form hydrogen bonds
with C8—OH. The chemical shifts of C2 and C10 were almost unchanged (|AJ| < 0.05 ppm)
(Figs. 3b and 4d), indicating that there was almost no hydrogen-bonding between C2—OH
and C10—OH and the ILs. The chemical shift changes of C4, C5, C7, and C11 were caused
by the redistribution of electron cloud on the glucopyranose rings (Figs. 3d and 3e, Figs.
4a and 4¢) (Chen et al. 2011).
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Fig. 4. Relative change in chemical shifts (in DMSO-ds) of carbons at the non-reducing end of
cellobiose compared with the pure cellobiose

The relative chemical shift changes of C6 and C12 (in DMSO-ds) were in the order
BmimCl < BmimBr < Bmiml < 0 (Figs. 3f and 4f), indicating that the 3-values of C6 and
C12 also shifted to the high field after the dissolution of cellobiose in the ILs (Xu and
Zhang 2015). A possible reason was that the formation of hydrogen bonds took place
between the halogen anions and the protons of C6-OH and C12—OH. Furthermore,
according to the intensities of the relative chemical shift changes, the order of hydrogen
bond strength between the anions and C6—OH and C12-OH was CI > Br >1 . The
Kamlet-Taft (K-T) parameter f value is usually used to evaluate the hydrogen-bond
accepting ability of ILs. Anions act as proton acceptor in the formation of hydrogen bonds,
and their hydrogen-bond accepting ability is greatly affected by their structure. Usually,
the anion with higher f value has stronger hydrogen-bond accepting ability (Zhang 2008).
According to the experimental results obtained by Lungwitz and Spange (2008), the S
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values of CI ,Br ,and I are 0.94,0.87, and 0.75, respectively, that is, the hydrogen-bond
accepting ability is CI' > Br >1 . In theory, the order of volume follows CI <Br <I ,
and C6-OH and C12-OH are primary alcoholic hydroxyl groups with larger steric
hindrance. Therefore, the anions with smaller size and stronger electro-negativity are more
accessible to C6-OH and C12—-OH and form strong hydrogen bonds, such as CI . It can be
seen from Figs. 3 and 4 that, compared with the secondary hydroxyl groups at the other
positions, the primary hydroxyl groups at C6 and C12 were more likely to form hydrogen
bonds with ILs, resulting in more obvious change in the chemical shifts of C6 and C12.
This indicated that the formation of hydrogen bonds between C6-OH and C12—OH and
ILs was possibly the main reason for the dissolution of cellobiose in the ILs. Finally, the
intensity of the relative chemical shift change of C6 was greater than that of C12, implying
that the strength of the hydrogen bond formed between C6—OH and the anions was stronger
than that between C12—OH and the corresponding anions. In other words, the hydrogen
bonds formed between the reducing end and the anion was stronger than that between the
non-reducing end and the anion.

The relative changes in the chemical shifts of carbons at different positions of
BmimCl, BmimBr, and Bmiml are shown in Fig. 5. It can be clearly seen from Fig. 5 that
compared with the pure ILs, the chemical shifts of carbon atoms at different position of the
three ILs moved towards the high field when cellobiose with different concentration was
dissolved in them, resulting in the Ad values lower than zero. The results demonstrated that
the electron cloud density on the imidazolium cations of ILs increased because of the
interaction with cellobiose. It is noted from Fig. 5a that the chemical shifts of IC2 on the
imidazole ring decreased as the cellobiose concentration increased from 10 wt% to 50 wt%,
indicating that the chemical shift of IC2 moved towards the high field. The possible reason
was that with the increase of cellobiose concentration, more hydroxyl oxygen from
cellobiose formed hydrogen bonds with the acidic proton IC2—H at IC2 position on the
imidazole ring (Hu et al. 2020; Xia et al. 2020). Simultaneously, the hydrogen bonds
between IC2—H and the halogen anions were destroyed, leading to the increase of electron
cloud density around the IC2 atom (Xu and Zhang 2015). Finally, the chemical shift moved
to the high field, and the Ao values kept decreasing (Xu and Zhang 2015). The A value of
IC2 was linear negative correlation with the cellobiose concentration, implying that the
strength of hydrogen bond formed between IC2—H and cellobiose had a linear positive
correlation with the cellobiose concentration. At the same time, the slope in the linear
equation between the relative chemical shift change of IC2 and the cellobiose concentration
was -0.0047, -0.0019, and -0.0016 for BmimCIl, BmimBr, and Bmiml, respectively,
indicating that the influence of cellobiose concentration on the chemical shift change of
IC2 followed the order BmimCl > BmimBr > Bmiml. In other words, the IC2-H of
BmimCl exhibited the strongest acidity, and it was most likely to form hydrogen bonds
with hydroxyl oxygen of cellobiose (Xu and Zhang 2015).

Because the difference among the Ad values was within the range of 0.05 ppm, the
change in chemical shifts of IC4 and IC5 connected to N on the imidazole ring and ICS,
IC9, and IC10 on the side chain butyl could be ignored with the change of cellobiose
concentration (Figs. 5b, 5c, 5f, 5g, and 5h). This may be due to the weak acidity of the
protons connected to these carbons, making them be difficult to form hydrogen bonds with
the hydroxyl oxygen of cellobiose, resulting in that the influence of cellobiose
concentration on the density of electron cloud around these carbon atoms was almost
negligible (Xu and Zhang 2015). The relative change in chemical shifts of IC6 and IC7 on
the side chain, which were directly connected to N on the imidazole ring, increased with

Yang et al. (2023). “Cellobiose & ionic liquid,” BioResources 18(1), 1590-1601. 1596



PEER-REVIEWED ARTICLE

bioresources.com

the increase of cellobiose concentration, and they showed a good linear positive correlation
with the concentration of cellobiose (Figs. 5d and 5Se). This indicated that the strength of
the hydrogen bonds formed between IC6-H and IC7-H and cellobiose was linearly
negatively correlated with the concentration of cellobiose. In addition, with the increase of
cellobiose concentration, the chemical shift changes of IC6 and IC7 of BmimCl were more
remarkable than those of BmimBr and Bmiml. This result further indicated that the
hydrogen bonds formed between BmimCl and cellobiose were stronger than those between
BmimBr and Bmiml and cellobiose. It could be concluded from the results given in Figs.
3, 4, and 5 that the ability of BmimCIl, BmimBr, and BmimlI to form hydrogen bond with
cellobiose was in the order BmimCl > BmimBr > Bmiml, which was consistent with that
of the solubility of cellulose in BmimCIl, BmimBr, and BmimlI (Zhao et al. 2013).
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Fig. 5. Relative change in chemical shifts of the carbons (in DMSO-ds) of ILs compared with the

pure ILs

A possible interaction mechanism between cellobiose and the imidazolium halide-
based ILs is shown in Fig. 6. According to the data shown in Figs. 3 and 4, the AJ values
of C1, C3, and C6 at the reducing end of cellobiose, and of C9 and C12 at the non-reducing
end were lower than zero. It could be inferred that the density of electron cloud around C1,
C3, C6, C9 and C12 increased possibly due to the anion. On the contrary, the A values of
C8 at the non-reducing end (Fig. 4) were higher than zero. It could be inferred that the
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density of electron cloud around C8 decreased, possibly due to the cation. Therefore, it
could be inferred that the anions of ILs mainly formed hydrogen bonds with the protons of
C1-OH, C3—0OH, and C6—OH at the reducing end of cellobiose, and of C9—OH and C12—
OH at the non-reducing end. The acidic protons on the imidazolium cation mainly formed
hydrogen bonds with the oxygen of C8—OH at the non-reducing end. The formation of
hydrogen bonds between the ILs and the hydroxyl groups of cellobiose led to the
destruction of intermolecular and intramolecular hydrogen-bonding network of cellobiose,
thus promoting the dissolution of cellobiose in the ILs. At the same time, not all the
hydroxyl groups of cellobiose could form strong hydrogen bonds with the ILs, such as C2—
OH at the reducing end and C10—OH at the non-reducing end. Finally, the formation of
hydrogen bonds between the anions and the hydroxyl groups of cellobiose was the key
factor leading to the dissolution of cellobiose in the ILs. However, based on
thermodynamics, cellulose molecule is much less translational free energy per glucose unit,
leading to be much less soluble than cellobiose which is the model compound of cellulose.
Thus, in the further, model compounds with higher molecular weight should be considered
to evaluate the interaction between cellulose and ILs.

O—H----X
Reducing end Non-reducing end

Fig. 6. Possible interaction mechanism of cellobiose with the imidazolium halide-based ILs

CONCLUSIONS

1. Three kinds of ionic liquids (ILs), each having the same cation of 1-butyl-3-
methylimidazolium (BmimCl, BmimBr, and Bmiml) were used to dissolve cellobiose,
and the interaction mechanism was evaluated by using '*C NMR.

2. The slight difference in the chemical shifts of carbons at the same position on the two
glucose units of cellobiose suggested that the electron cloud distribution on the two
glucose units was not completely the same. The acidity of protons on the imidazolium
cation varied much among the three ILs.
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3. The hydrogen bond strength between the hydroxyl groups of cellobiose and the ILs
was clearly influenced by the position of hydroxyl groups and the electro-negativity
and size of the anions. Compared with the secondary alcoholic hydroxyl groups, the
ILs were more likely to form hydrogen bonds with the primary alcoholic hydroxyl
groups (C6—OH and C12—OH) on the glucopyranosyl ring of cellobiose. The hydrogen
bond formed between C6—OH at the reducing end and the anion was stronger than that
formed between C12—OH at the non-reducing end and the anion.

4. The chemical shifts of carbons at different position on cellobiose were not remarkably
affected by the concentration of cellobiose in the IL solution. The strength of the
hydrogen bonds between cellobiose and IC2—H on the imidazolium cation was linearly
positively correlated with the cellobiose concentration, while that between IC6—H and
IC7-H and cellobiose was linearly negatively correlated with the concentration of
cellobiose.

5. Both the anion and cation could form hydrogen bonds with cellobiose, but the
formation of hydrogen bonds between the anion and cellobiose was the key factor for
the dissolution of cellobiose in the ILs. The ability of the three ILs to form hydrogen
bonds with cellobiose was in the order of BmimCIl > BmimBr > Bmiml.
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